Introduction
Decarburization annealing of Fe-3%Si steels is normally carried out in a temperature range of 780-950°C and in a mixed atmosphere of N 2 + H 2 + H 2 O with a dew point in the range of 10-60°C. [1] [2] [3] During the decarburization annealing process, oxidation reactions of carbon, silicon and iron atoms occur concurrently. Water vapor in the atmosphere reacts with silicon to generate SiO 2 . When P H2O /P H2 reaches a certain level, water vapor reacts with iron to generate FeO, which further react with SiO 2 to generate Fe 2 SiO 4 particles. [4] [5] [6] When P H2O /P H2 is sufficiently high, Fe 2 O 3 is generated, which may react with FeO to form Fe 3 O 4 . [7] [8] [9] Stratton and Stanescu 10) found that the decarburization rate is faster under an atmosphere of N 2 + H 2 + H 2 O than under a carbonaceous-type atmosphere. This is because the carbon-containing vapor species in the atmosphere tend to establish a thermodynamic equilibrium with carbon in the steel, which inhibits decarburization. Therefore, reducing carbon-containing vapor species in the atmosphere could make the decarburization more effective. In addition, Soenen et al. found that a slight increase of dew point can accelerate decarburization. 11) But the oxidative atmosphere may not only react with carbon atoms, but also with alloying elements in the steels. Moreover, Cesar and Mantel 12) found
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Increasing the reaction temperature could enhance carbon diffusivity, increase decarburization rate and shorten decarburization time. [13] [14] [15] However, a higher reaction temperature may also increase the oxidation rate of silicon in Fe-3Si% steel. In addition, increasing reaction temperature may affect the morphology of oxidized layer as observed by Block et al., 16) who showed that the oxides become coarser with increasing temperature at a constant H 2 O/H 2 ratio of 0.4.
At present, the effect of oxide morphology, oxide phases and oxygen concentration on decarburization rate during annealing has not been clarified. The percentage of oxygen consumed in carbon oxidation to the total oxygen concentration consumed in all the oxidation reactions during annealing has not been studied. The main purpose of present study is to investigate the oxidation behavior of silicon and carbon in Fe-3Si% steels through characterizing the formation and morphology of internal oxidation zone under various annealing atmosphere and temperature conditions, and to analyze the influence of internal oxidized layer on decarburization rate. The decarburization rate of the tested silicon steel is studied by the diffusion of carbon atoms and convective mass transfer between steel and atmosphere. By doing so, the parameters that affect the efficiency of decarburization process may be identified and optimized.
Experimental Procedures
Specimens are cut from a cold-rolled steel strip to a size of 100 × 15 × 0.26 mm. The chemical composition is listed in Table 1 . It shows that Al concentration is the second highest in the steel, but it is only 0.027% which is much lower than Si content. Therefore, the oxidation of alloying elements except Si in the steel could be ignored during decarburization annealing.
Specimens are cleaned sequentially with acetone, ethanol and saturated solution of sodium hydroxide in an ultrasonic vibrator, then, dried immediately. Annealing is conducted in moistened nitrogen-hydrogen atmospheres. Annealing times of every annealing condition are 1, 1.5, 2, 2.5, and 3 min, respectively. The specific conditions of decarburization experiments are given in Table 2 . In order to give more direct information about atmosphere during annealing, the P O2 is calculated from P H2O /P H2 ratio and annealing temperature, which is shown as follows: 17) After annealing, carbon and oxygen concentrations in the steel are determined using carbon-sulfur infrared analyzer (LECO CS600) and oxygen-nitrogen analyzer (Horiba EMGA-620W). The oxide phases presented in it are identified using Vertex type Fourier transformed infrared (FTIR) spectroscopy. The thickness and morphology of oxidized layer are analyzed by a Nova 400 Nano scanning electron microscopy (SEM). Figure 1 shows the micrographs of cross-sectional structure in specimen. At the cross-section, an internal oxidation zone (IOZ) is present in the surface of all specimens annealed under different annealing time. The oxide particles formed in the IOZ are of spherical and lamellar morphologies. The spherical oxide particles mainly distribute near the steel/gas interface and the lamellar oxide particles mainly distribute near the IOZ/matrix interface. The oxides in the oxidized layer are silica. The IOZ becomes thicker over time. When annealing time is 1 min, the thickness of IOZ is about 1.41 μm, and when annealing time increases to 3 min, the thickness of IOZ reaches about 2.83 μm. Meanwhile, with the increase of annealing time the average size of oxide particles grows up from a few tens of nanometers to more than one hundred nanometers, and lamellar oxide particles are gradually generated at the interface between the IOZ and the steel matrix. Figure 2 presents the SEM cross-section images of Fe-3%Si steel after decarburization in different P H2O /P H2 environments. The white circles marked in the figures are used to distinguish the zone of spherical precipitates and lamellar precipitates. It indicates that when P H2O /P H2 increases from 0.291 to 0.479, the thickness of the IOZ increases slightly from 1.94 μm to 2.29 μm. The zone contained lamellar oxide particles increases. The spacing between lamellar precipitates become smaller, and the distribution of lamellar oxides become denser at higher P H2O / P H2 . As shown in Fig. 2 (f), the lamellar oxides connect to each other and form a continuous silica layer when P H2O /P H2 increases to 0.479. Figure 3 presents the cross-sectional microstructures of the specimen after treatments at different temperatures. It is evident that increasing reaction temperature leads to significant thickening of IOZ, which increases from 2.12 μm to 3.35 μm when annealing temperature increases from 1 083 K to 1 123 K. The zone contained spherical oxide particles decreases but that of lamellar oxide particles increases. When annealing temperature is 1 123 K, most of spherical oxide particles are dispersed in the lamellar oxide particles. Figure 4 (a) shows the average oxygen concentration (AOC) in the steel after decarburization with different P H2O /P H2 by using oxygen-nitrogen analyzer. It is observed that AOC increases with both annealing time and P H2O /P H2 when annealing temperature is 1 103 K, indicating that the oxidation rate of alloying elements is faster in a higher P H2O / P H2 with the atmosphere range of 0.291-0.479 after annealing time of 1.5 min. Figure 4 (b) shows the AOC in the steel after decarburization with different temperature. It is observed that AOC gradually increases with both annealing time and reaction temperature when P H2O /P H2 is 0.374, indicating that the oxidation rate is faster at higher temperature. Figure 5 gives the dependence of residual carbon concentration in the steel on time in different P H2O /P H2 environment at 1 103 K by using carbon-sulfur infrared analyzer. As shown in Fig. 5(a) , after annealing at the same temperature, the carbon concentration in the steel is the lowest at the P H2O /P H2 value of 0.374 at any reaction times, but with further increasing P H2O /P H2 to 0.479, it becomes higher, suggesting that the carbon removal rate firstly increases then decreases with increasing P H2O /P H2 in the studied P H2O /P H2 range. As shown in Fig. 5(b) , in the studied temperature range, the carbon concentration in the steel after annealing decreases as temperature increased from 1 083 K to 1 103 K, but increases with further increase in temperature to 1 123 K, suggesting that the decarburization rate firstly increases then decreases with annealing temperature.
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Effect of Decarburization Conditions on Oxides
Morphology 4.1.1. Effect of Annealing Time on Oxides Morphology Figure 1 shows with the increase of annealing time the average size of spherical oxide particles grows up, and lamellar oxide particles are gradually generated at the interface between the IOZ and the steel matrix. It is assuming that the nucleation of oxide particles is controlled by the inward moving rate of oxidation front, and the growth of oxide particles is controlled by the growth time. It follows that the size of oxides is inversely proportional to the inward moving rate of oxidation front (ν), which can be calculated for a planar specimen according to: where X is the thickness of IOZ which is ( )
0 is the initial solute concentration of Si, D' O is the diffusion coefficients of oxygen in the oxidized layer which is generally smaller than the diffusion coefficients of oxygen in the steel matrix (D O ), N O S is mole fraction of oxygen dissolved in steel at the alloy/ gas interface. In the initial oxidation stage, silica and silicate particles nucleate quickly in steel surface layer, producing concentration gradients of silicon and oxygen at the oxides/ steel interface. Silicon and oxygen then diffuse towards the oxide particles, which grow gradually with annealing time. At the same time the small oxide particles dissolve and large oxide particles grow under the driving of the curved interface. As the oxidation layer (X) thickens with time, the inward moving rate of oxidation front decreases. The nucleation of new particles then decreases and the growth of the oxide particles becomes dominant, leading to the formation of lamellar oxides. Table 3 lists the variation dependence of the mole fraction of oxygen dissolved in steel at the alloy/gas interface in different P H2O /P H2 at different temperature. Table 3 also lists the temperature dependence of diffusion coefficients of oxygen, silicon and carbon in the steel. As shown in Table  3 , the diffusion coefficients of oxygen in silica D O-SiO2 is 3.29 × 10 − 17 cm 2 /s, and the diffusion coefficients of oxygen in steel matrix D O is 1.56 × 10 − 7 cm 2 /s when annealing temperature is 1 103 K. The diffusion of oxygen in amorphous silica is far less than its diffusion in the steel matrix, which means silica oxides hinder the diffusion of oxygen atoms in the oxidized layer and slow the forward movement of oxidation front. As shown in Eq. (2), when annealing time increases, μ, N Si 0 and N O S keep constant, D' O decreases but X increases. Thus, the value of v decreases, which indicate lamellar oxides are easier to generate. In Table 3 , D O -Diffusion coefficient of oxygen in the steel matrix. D O-SiO2 -Diffusion coefficient of oxygen in the amorphous silica. D Si -Diffusion coefficient of silicon in the steel matrix. D C -Diffusion coefficient of carbon in the steel matrix. N Si -Mole fraction of silicon in the steel, which is about 6 (mol%). N O S -Mole fraction of oxygen dissolved in steel at the alloy/ gas interface. R -Ideal gas constant, which is 8.314 (J/(mol × K)). T -Annealing temperature (K). Figure 2 shows with the increase of P H2O /P H2 , the thickness of IOZ increases slightly and the zone contained lamellar oxide particles increases. When P H2O /P H2 increases from 0.291 to 0.424 at 1 103 K, μ, N Si 0 and D' O keep invariable, N O S increases by 1.65 times, and X increases by 1.18 times as shown in Fig. 2 . So N O S ×D O > μ×N Si 0 ×X. But the silica oxides increase with the increase of P H2O /P H2 . The D O-SiO2 << D O , so the D' O << D O . Therefore, the inward moving rate of oxidation front under P H2O /P H2 = 0.291 is larger than that under P H2O /P H2 = 0.479, i.e., v 0.291 >v 0.479 , suggesting that the formation of lamellar oxide particles become easier with the higher P H2O /P H2 .
Effect of P H2O /P H2 on Oxides Morphology
Effect of Annealing Temperature on Oxides Mor-
phology Figure 3 shows with the increase of annealing temperature, the zone contained spherical oxide particles decreases but that of lamellar oxide particles increases. When annealing temperature increases from 1 083 K to 1 123 K at a constant P H2O /P H2 , μ and N Si 0 keep invariable, The v 810 >v 850 as calculated by Eq. (2), suggesting that the formation of lamellar oxide particles become easier with the higher annealing temperature.
Total Oxygen Concentration Consumed in Oxidation Reactions
To further explain the observed dependence of decarburization rate on P H2O /P H2 and temperature as shown in Fig. 5 , the total oxygen concentration (O sum ) consumed in oxidation reactions during the annealing process, including oxidation of alloying elements and carbon, is calculated according to following equation: Fig. 4 ] and oxygen concentration consumed in carbon oxidation, respectively, C steel and C residual are the initial carbon concentration in the steel and the residual carbon concentration in the steel after annealing [ Fig. 5 ], respectively, M carbon and M oxygen are the atomic mass of carbon and oxygen, respectively. Under the annealing conditions in present work, Δ r G Θ CO for the reaction between carbon and water vapor is lower than Δ r G Θ CO2 , so the oxidation product of CO is more stable than CO 2 in the decarburization reaction. It is assumed that CO is the only oxidation product of carbon to facilitate the calculation.
The calculation results shown in Fig. 6(a) illustrates that O sum increases as annealing time increased from 1 min to 3 min and as P H2O /P H2 increased from 0.291 to 0.374, but it decreases at a P H2O /P H2 value of 0.424 when reaction time is shorter than 2.5 min and is lowest at a P H2O /P H2 value of 0.479 when reaction time is shorter than 3 min. Therefore, the total oxygen concentration consumed in the oxidation reactions during annealing does not increase continuously with increasing P H2O /P H2 . Figure 6 (b) shows that at reaction times shorter than 2 min, Table 3 . Mole fraction of oxygen dissolved in steel at the alloy/ gas interface and diffusion coefficients of oxygen, silicon and carbon in the steel. 18, 19) Symbol Unit Equation ( O sum increases with increasing temperature from 1 083 K to 1 103 K, but decreases with further increasing temperature to 1 123 K, suggesting that the total oxygen concentration consumed in the oxidation reactions does not increase continuously with increasing annealing temperature when annealing time is short. When reaction time increases from 2 min to 3 min, however, O sum increases continuously with increasing temperature from 1 083 K to 1 123 K.
Percentage of Oxygen Consumed only in Carbon
Oxidation In order to assess the percentage of oxygen consumed only in carbon oxidation to the total oxygen concentration consumed in all the oxidation reactions during annealing, the percentage of O carbon in O sum (O carbon %) is calculated for each annealing conditions according to Eq. The calculation results are shown in Fig. 7. Figure 7(a) shows the dependence of O carbon % on time in different P H2O / P H2 environment at 1 103K. It indicates that the value of O carbon % is higher than 50% in the atmosphere range of 0.291-0.424 at annealing time 1-3 min. Figure 7 temperature under P H2O /P H2 = 0.374. It indicates the value of O carbon % is higher than 50% in the temperature range of 1 083-1 123 K at annealing time 1-3 min, except for a certain point where annealing temperature is 1 123 K and annealing time is 3 min. It indicates that more than half of the oxygen is consumed in carbon oxidation. This is closely related to the formation of these oxides in the oxidized layer of steel. The diffusion coefficients of oxygen, silicon and carbon in the steel matrix calculated at 1 103 K using the relationships in Table 3 are 1.56 × 10 − 7 cm 2 /s, 4.95 × 10 − 11 cm 2 /s and 2.1 × 10 − 6 cm 2 /s, respectively, suggesting that diffusion coefficient of carbon in the steel is larger than those of oxygen and silicon. Therefore, carbon atoms diffuse to the outmost steel surface and are removed via oxidation before extensive oxidation of alloying elements occurred in the oxidized layer, and the oxygen is mainly consumed in carbon oxidation when annealing time is shorter than 1min.
Oxygen and carbon are interstitial solid solutions, and their diffusion is related to the structure, composition, and defects of matrix and oxides in the oxidized layer under the same annealing temperature. Oxygen and carbon diffuse in the same oxidized layer, so their diffusion mechanism on the surface of silicon steel is similar. When annealing temperature is 1 103 K, D O is 1.56 × 10 − 7 cm 2 /s and D O-SiO2 is 3.29 × 10 − 17 cm 2 /s. There is a difference in order of magni- tude. Therefore, the silica oxides in the oxidized layer hinder the diffusion of oxygen. 20) Similarly the silica oxides hinder the diffusion of carbon and slow down the decarburization rate. Figure 7 shows when the annealing time is longer than 2 min, the oxygen consumed only in carbon oxidation gradually decreases with the increase of P H2O /P H2 or annealing temperature.
Effect of Decarburization Conditions on Decarburization Rate
It is known that when carbon and oxygen atoms encounter silica oxides in the oxidized layer, they diffuse only by bypassing these particles as shown in Fig. 8 . When the oxidized layer is thicker and the number of silica oxides in the oxidized layer is larger, its diffusion path of oxygen and carbon atoms in the oxidized layer becomes longer. The dif-fusion of oxygen and carbon atoms in the oxidized layer is slowed down. At present, it is difficult to quantitatively give the relationship between oxides morphology and the diffusion coefficients of carbon and oxygen in the oxidized layer. Figure 9 is the results of image analysis for Figs. 2 and 3 by ImageJ freeware. As shown in Fig. 9 (a), when P H2O /P H2 increases from 0.291 to 0.479 at 1 103 K for 2.5 min, the area percentage of all oxides in the oxidized layer increases from 41% to 51% and the area percentage of lamellar oxides in the oxidized layer increases from 24% to 46%. But the residual carbon content in the specimens decreases at first, then increases with the P H2O /P H2 . As shown in Fig.  9(b) , when annealing temperature increases from 1 083 K to 1 123 K for 2.5 min under P H2O /P H2 = 0.374, the area percentage of all oxides in the oxidized layer increases from 44% to 53% and the area percentage of lamellar oxides in the oxidized layer increases from 31% to 37%. But the residual carbon content is lowest at 1 103 K. It indicates that the internal oxidation is only one of many variables that affect decarburization rate. It can not completely determine decarburization rate. This paper comprehensively analyzes the favorable influence of annealing conditions on decarburization and the detrimental effects of oxides on decarburization, and explores the variation of decarburization rate with different annealing conditions.
Effect of P H2O /P H2 on Decarburization Rate
The decarburization reaction mainly occurs on the steel surface, which is an interface reaction. In order to study the effect of the oxidized layer on the decarburization rate of silicon steel during decarburization annealing, the following factors are analyzed: the rate coefficient of decarburization reaction (k), steel surface coverage with oxygen (θ), convective mass transfer coefficient between silicon steel and annealing atmosphere (h m ) and the diffusion of carbon atoms in the steel. The equations of k, θ and h m are as follows: 11, 21) The diffusion flux of carbon atoms at the interface between steel surface and annealing atmosphere could be obtained:
Where, C g is the carbon concentration in the decarburization annealing atmosphere, C| x = 0 is the carbon concentration on the steel surface. It is assumed that the CO is generated by the carbon atoms and flows away with the furnace gas, so C g = 0. When the Δx are the constant values: When annealing temperature is 1 103 K and P H2O /P H2 increases from 0.291 to 0.479, the k is 0.00262 cm/s, the θ increases from 0.585 to 0.699, and h m increases from 0.00153 cm/s to 0.00183 cm/s. The diffusion coefficient of carbon atoms inside the silicon steel is 2.1 × 10 − 6 cm 2 /s. According to the Eqs. (14) and (15) , the concentration gradient of the carbon atoms in the silicon steel increases with the increase of h m , and the diffusion flux of the carbon atoms at the alloy/gas interface increases, promoting the decarburization reaction. Meanwhile, the mole fraction of oxygen dissolved in steel at the alloy/gas interface increases from 0.00519 mol% to 0.00854 mol% according to Table 3 when P H2O /P H2 increases from 0.291 to 0.479, the oxide particles in the oxidized layer increase as shown in Fig. 2 . The presence of increased numbers of oxide particles hinders the carbon diffusion, and hence decreases the carbon removal rate. Therefore, as shown in Fig. 5 (a) when the P H2O /P H2 values is below 0.374, the effect of h m on decarburization is greater than that of oxide particles on decarburization, and the decarburization rate increases. When P H2O /P H2 further increases to 0.479, the effect of h m on decarburization is less than that of oxide particles on decarburization, and the decarburization rate decreases.
Effect of Annealing Temperature on Decarburization
Rate When P H2O /P H2 is 0.374 and annealing temperature increases from 1 083K to 1 123K, the k increases from 0.00176 cm/s to 0.00384 cm/s, the θ decreases from 0.656 to 0.633, and h m increases from 0.00116 cm/s to 0.00243 cm/s. The D C increases from 1.78 × 10 − 6 cm 2 /s to 2.48 × 10 − 6 cm 2 /s. The h m /D C increases from 651 to 982, promoting the diffusion flux of carbon atoms at the alloy/gas interface, and intensifying the decarburization reaction. But the diffusion coefficients of oxygen and silicon calculated using the relationships in Table 3 also increases by 1.404 times and 2.386 times, and the mole fraction of oxygen dissolved in steel at the alloy/gas interface also increases by 1.095 times when annealing temperature increases from 1 083 K to 1 123 K. The increase in carbon diffusion coefficient accelerates the carbon removal. But the increase in silicon and oxygen diffusion coefficients and the oxygen dissolved in steel significantly accelerate the formation of silica and silicate particles in the internal oxidation zone, which act as barriers to the outward carbon diffusion, resulting in lower decarburization rate. As shown in Fig. 3 , when P H2O / P H2 is a constant, the oxidized layer on steel surface gradually thickens with annealing temperature, which hinders the diffusion of carbon atoms and reduces the decarburization rate. Therefore, as shown in Fig. 5(b) when annealing temperature increases from 1 083 K to 1 103 K, the effect of h m and D C on decarburization is greater than that of oxide particles on decarburization, and the decarburization rate increases continuously. When annealing temperature increases from 1 103 K to 1 123 K, the effect of h m and D C on decarburization is less than that of oxide particles on decarburization, and the decarburization rate gradually slows down with annealing temperature at the same annealing time and P H2O /P H2 .
Conclusions
The oxidation behavior of silicon in Fe-3Si% steels and the influence of internal oxidized layer on decarburization rate have been studied in present work, and conclusions are shown as follows:
(1) With the increase of P H2O /P H2 , the thickness of oxidized layer increases slightly at a constant temperature. Moreover, increasing reaction temperature leads to rapid growth of the internal oxidation zone at a constant P H2O /P H2 .
(2) Under the annealing conditions in present work, more than half of the oxidative atmosphere in the decarburization annealing furnace is involved in the decarburization reaction.
(3) As the P H2O /P H2 or annealing temperature increases, oxidation rate of alloying elements gradually increases, and decarburization rate firstly increases then decreases. Under the annealing conditions in present work, the optimum annealing condition of decarburization is that annealing temperature is 1 103 K under P H2O /P H2 = 0.374.
(4) As the P H2O /P H2 or annealing temperature increases after the optimum annealing condition, the effect of convective mass transfer on decarburization is gradually less than oxide particles on decarburization. Then decarburization rate will slow down.
